Human ejaculates contain extracellular vesicles (EVs), that to a large extent are considered to originate from the prostate gland, and are often denominated ''prostasomes.'' These EVs are important for human fertility, for example by promoting sperm motility and by inducing immune tolerance of the female immune system to the spermatozoa. So far, the EVs present in human ejaculate have not been studied in their native state, inside the seminal fluid without prior purification and isolation procedures. Using cryo-electron microscopy and tomography, we performed a comprehensive inventory of human ejaculate EVs. The sample was neither centrifuged, fixed, filtered or sectioned, nor were heavy metals added. Approximately 1,500 extracellular structures were imaged and categorized. The extracellular environment of human ejaculate was found to be diverse, with 5 major subcategories of EVs and 6 subcategories of extracellular membrane compartments, including lamellar bodies. Furthermore, 3 morphological features, including electron density, double membrane bilayers and coated surface, are described in all subcategories. This study reveals that the extracellular environment in human ejaculate is multifaceted. Several novel morphological EV subcategories are identified and clues to their cellular origin may be found in their morphology. This inventory is therefore important for developing future experimental approaches, and to interpret previously published data to understand the role of EVs for human male fertility.
T he human ejaculate is a complex liquid, consisting of a mixture of spermatozoa, carbohydrates, proteins and extracellular vesicles (EVs). EVs are small vesicles released by all cells examined to date (1) and are common components of many body fluids, including saliva, blood, urine and human breast milk (2, 3) . They are known to carry many different protein cargoes, as well as a mixture of RNA species (4Á6). EVs are important in cell-to-cell communication in a wide range of biological processes, especially in disease models such as the formation and progression of cancer (7Á8). Relatively little is known about EVs in healthy processes and homeostasis.
The EVs in seminal fluid were first described in the 1970s (9, 10) and were named prostasomes, because of their origin in the acinar cells in the prostate (11, 12) . However, as the epididymis epithelium and other cellular compartments in the male genital tract produce EVs that are released into the seminal fluid (13Á15), we will here use the term ''EVs'' as a collective name for all vesicles found in human ejaculate.
EVs are known to fuse with spermatozoa (16, 17) and their role in seminal fluid is diverse and extensively studied [reviewed in (15,18Á20) ]. Briefly, the EVs enhance sperm motility (21, 22) , aide semen liquefaction, prevent microbial infections (23, 24) , facilitate blood coagulation (25) and mediate immunosuppression in the female's genital tract to avoid anti-spermatozoa immunity (26, 27) . Seminal EVs have also been shown to have great potential as biomarkers for detection and diagnosis of prostate cancer (28) .
The EVs in ejaculate are 150Á200 nm in diameter (11, 29 ) with a bilayer high in cholesterol and sphingomyelin (30) , a membrane composition that greatly differs to that of spermatozoa plasma membranes (17) .
Cryo-electron microscopy is a technique that allows visualization of nanosized structures without prior fixation or addition of heavy metals for contrast. The sample is therefore visualized as close to its native state as possible (31, 32) . Isolated EVs from human ejaculates have already been studied using cryo-electron microscopy, but only after several isolation and purification steps, to remove spermatozoa (33) . In that study, the investigators describe 3 morphologically distinct subpopulations of vesicles.
To define the morphology of all types of EVs in human ejaculates, we performed cryo-electron microscopy on totally unaltered material. By this approach, we can make an inventory of the whole population of EVs in the unaltered human semen. We reveal a greater diversity of EV morphologies than previously described in any single human body fluid and are able to visualize vesicular fusion or budding at the level of the human sperm tail.
Materials and methods

Sample preparation
Seven different ejaculates from one healthy donor (defined as having produced offspring) were collected according to the WHO's guidelines for sperm collection (34) and frozen unperturbed. A Vitrobot climate controlled plunge freezer (FEI Company Ltd, Eindhoven, The Netherlands) was used within 1Á3 hours post-ejaculation. After freezing, remaining cells were examined under the light microscope, where their motility ensured that viable cells had been frozen.
Cryo-electron microscopy and tomography Cryo-electron microscopy was performed as in (35, 36) . In brief, images (electron dose of Â25 e (   /Å   2 ; (4 to(6 mm defocus) were acquired at 27,500)on a Tecnai F30 electron microscope (FEI Company Ltd.) operated at 300 kV. The detector was a GATAN UltraCam, lenscoupled, 4 K CCD camera (binned by 2) attached to a Tridiem Gatan Image Filter (GIF: operated at zeroloss mode with an energy window of 20 eV; Gatan, Inc., Pleasanton, CA, USA). For cryo-electron tomography, tilt series were acquired at(4 or(6 mm defocus, every 1.5 degree (960 degrees) using serialEM software (37) . The total electron dose was kept at 80Á120 e ( /Å 2 .
Image analysis and quantification
All vesicles contained within the images (in grid holes as well as on the carbon support film) were measured using the IMOD program. Vesicles contained within other vesicles, membrane compartments or vesicle sacs were not measured separately. Vesicles located inside broken structures, such as inside incomplete vesicles, were considered their own entity and measured individually. Oval vesicles and tubules were measured along their long axis. The images were centred around, or in the vicinity of Â30 spermatozoa.
Results
Different subcategories of extracellular particles and vesicles found in human ejaculate We have examined 755 cryo-electron microscopy images to build a structural inventory of different extracellular nonspermatozoa structures in human ejaculates. The seminal microenvironment was generally complex not only with several different categories of EVs but also with the presence of tubules, particles and intricate membrane structures (Fig. 1a, b) . All the structures completely contained within the images were measured and divided into subcategories. An initial analysis of 808 particles showed that 90% of the structures present were small electron dense particles, often with a thin, peripheral and even more electron dense lining of 2Á2.5 nm thickness surrounding it (Fig. 1c, d and Supplementary Fig. S1 ). Due to the lack of a membrane bilayer, we call these structures ''particles.'' Because of the abundance of small electron dense particles, we subsequently measured only the membranous structures found in ejaculate in all remaining images (Fig. 1e ).
In total, we found 11 subcategories of membrane structures, of which 59% were single vesicles but 41% consisted of more multifaceted assemblies (Fig. 1f) . Vesicles are shown in Fig. 2 , and all other membrane compartments are shown in Figs. 3Á5.
Category 1: single vesicles
Single vesicles have a bilayer that is 5 nm thick, and these are the most prevalent EVs (Fig. 2a ).
Category 2: oval vesicles
These vesicles are reminiscent of the single vesicles but are simply oval in shape (Fig. 2b ).
Category 3: double vesicles
These vesicles contain a smaller vesicle inside of a larger vesicle, both carrying a lipid bilayer (Figs. 1h, i and 2c).
Category 4: double special vesicles
The double special vesicles have a larger diameter than the double vesicles (t-test, PB0.001). The larger vesicle contains electron dense material and carries inside its cytoplasm another smaller electron translucent vesicle that is often deformed into a bean or half-moon shape (Fig. 2d ).
Category 5: triple to 6 vesicles
This subgroup of vesicles varies morphologically. Some of these EVs consist of 2 small vesicles stuck into a larger one, and some are more complex arrangements of one larger vesicle containing single and/or double vesicles (Fig. 2e ).
Category 6: incomplete vesicles
These half-circle shaped membrane structures often have electron dense material located within them, as well as outside of them (Fig. 3a) . This category probably represents broken/incomplete vesicles, originating from several of the other subcategories.
Category 7: small tubules These thin, often edgy looking tubules are commonly present in close proximity to sperm tails (Fig. 3b) . They sometimes carry double membrane bilayers (first and third image in Fig. 3b ). within the images were measured (Fig. 3c, d ). In total, we found 37 large tubules, of which 30% appeared electron translucent and were either simple tubules or formed complexes with EVs and other membrane compartments (Fig. 3c) . Approximately 70% of the tubules contained filaments and some of these appeared bent or hooked (Fig. 3d ).
Category 9: pleomorphic membrane structures
The ejaculate consists of many more membranous compartments than the more easily categorized vesicles. These include pear-shaped membrane compartments and multiples thereof, large amorphous compartments that can be both empty looking and very electron dense (Fig. 4) . These larger amorphous membrane compartments were often found in direct proximity to spermatozoa.
Category 10: vesicle sacs
The vesicle sacs consist of 6 or more single, double, triple (or more) vesicles arranged inside a larger membrane (Fig. 5aÁc) . The membranes of the largest vesicular sacs were broken and therefore not included in the size measurements. Notable is that vesicles with double membrane bilayers were also seen inside vesicle sacs. Category 11: lamellar bodies Large, complex, multilayered membrane structures were also visualized in the ejaculates (Fig. 5d, e) .
Three additional features can be detected in the different EV and membrane compartment subcategories Coated membranes About 1.5% of the vesicles/membrane compartments show a coat extending from the lipid bilayer (n 022 out of 1,432; Fig. 6a ). This coat measure 9Á17 nm, including the lipid bilayer, and was seen on a variety of vesicle subcategories (Fig. 6bÁd) .
Electron dense About 8.7% of vesicles and membrane compartments showed a more electron dense interior, indicative of a lumen filled with cargo. These vesicles/compartments ranged in size from 61 nm (single vesicle) to 2,427 nm (pleomorphic membrane compartment). We have seen electron density inside double vesicles, double special vesicles, triple or more vesicles, incomplete vesicles as well as a small tubule.
Double membrane bilayers
In contrast to the double vesicles, these vesicles/compartments have 2 bilayers closely apposed to each other around the whole circumference (Fig. 6g) . The double bilayer width varied between 7 and 15 nm (Fig. 6h) . This feature is present on both small and large EVs, as well as tubules and pleomorphic membrane structures.
Vesicular fusion or budding with spermatozoa
In some images, we detected protrusions of the spermatozoon membrane, indicative of either vesicle fusion or budding. We measured the diameters of these protrusions to examine if they correlated more with a specific vesicle subcategory. The protrusion diameters ranged from 60 to 350 nm (n07) and could thus be related to vesicles from any of the previously presented subcategories. Interestingly, we also could observe vesicles inside the sperm tail on 2 occasions (Fig. 7c ).
Discussion
We have made an inventory of the extracellular structures in complete human ejaculates and discovered a highly diverse and complicated membranous environment outside the spermatozoa. Vesicles were defined as round, or close to round, structures carrying a lipid bilayer. Thus, the small electron dense particles were not considered to be true EVs, due to their lack of visible lipid bilayer. Cryo-electron tomography showed these particles to be located on top of the sample (Supplementary Fig. S1 ), where contaminating ice-crystals would be found. Other membrane structures, such as tubules and figure 8-shaped structures, were classified as compartments. In total, 11 different membranous relatively distinct morphological subcategories are described, and an additional 3 features can influence the morphology of any of these subcategories. Thus, a total of 88 different vesicles/compartment morphologies are possible. These results describe a membranous extracellular milieu that is extensively more complex than previously described. In a previous highquality cryo-electron microscopy study of EVs isolated from human ejaculate, only 3 categories of EVs were found (33) . Their EV isolates were composed of double special vesicles (50%), coated single vesicles (30Á35%) and pleomorphic membrane structures (20Á25%). In the present study, using unprocessed ejaculates, these 2 subcategories and ''feature'' entailed approximately 10% of the total membranous structures. It is unclear how universal these results are for other body fluids, but they should be considered when isolated vesicles are used for experimental purposes.
Diversity of EV structures
We show here an unprecedented diversity of extracellular structures in a single body fluid. However, in previous cryo-electron microscopy studies using different types of fluids, some of these structures have been described. For example, pleomorphic membrane compartments and tubular structures have been described in blood plasma (38, 39) , where multilayered vesicles can also be detected (39, 40) . Multilayered prostasomes have also been shown in thin-section electron microscopy (10, 20) . Tubular structures are also seen in human breast milk (41) . Double and triple EVs from prion-infected cells were shown using electron tomography (42) . In theory, the structure of oval vesicles and tubular compartments could be induced by the compression experienced during blotting or freezing of the sample. However, the presence of vesicles elongating in different directions in the same image indicates that this is not the case. Furthermore, smaller oval EVs can be contained within perfectly round outer EVs, which should not be possible if the compression procedure had influenced the EV shapes (Fig. 2c, middle panel) . We therefore suggest that biological molecules, such as lipid rafts (43) components and/or membrane shaping proteins, such as BAR-domain proteins (44) , might influence the shape of the oval vesicles and tubules. It is also important to note that the studied samples have not been centrifuged or processed in any way prior to freezing, and therefore such procedures cannot explain the observed shapes.
The vesicle sac has previously been shown in cryoelectron microscopy of EVs derived from blood and Dictyostelium discoideum cell culture (37, 38, 45) . They are of particular interest as it harbours EVs of different morphologies within the same membrane. This suggests that vesicles from several morphological subcategories can have the same subcellular origin. Vesicles of a similar size range as prostasomes have been described inside larger ''storage vesicles'' in prostate acinar cells that release cellular material to the extracellular space via apocrine secretion (12) . It is likely that the vesicle sacs observed in the current study are indeed products of such secretion. Most noteworthy is that double membrane bilayer vesicles, a novel feature described in this study, can also be found within vesicle sacs. The double bilayer may be indicative of either (a) nuclear origin, (b) mitochondrial origin or (c) biogenesis through multiple steps of membrane fusion/fission. An alternative way of forming a double bilayer could be when two vesicles of similar size fuse to form a double vesicle, which could certainly be true for a fraction of the double bilayered EV population here described. However, EV fusion is unlikely to account for the whole population of double bilayered structures, as even tubules and pleomorphic membrane compartments can have double bilayers. The probability of them encountering a similarly shaped membrane compartment, and engulfing it, should be low.
Indeed, there are reasons to believe that there are even more EV subcategories in ejaculate than described here, as prostasomes from vasectomized men (ejaculate contains no EVs from testis or epididymis) contained two subpopulations of EVs with individual marker proteins (46) . Furthermore, two populations of prostasomes (of the single EV morphology) with different lipid compositions have also been described (47) . The morphological subclasses presented here might thus consist of biochemically distinct subcategories, which fit well with the fact that some single EVs carry a surface coat and some do not.
Are EVs fusing or budding from the sperm tails? The fusion of EVs to the spermatozoa has been shown to mostly happen at the sperm head and mid-region (48) . Yet, we show here the presence of vesicles either budding or fusing from/with the sperm tail. Because of the nature of cryo-electron microscopy, imaging events frozen in time, it is impossible to determine whether the protrusions observed are events of vesicles budding or fusing, or both. Because of the varied sizes of protrusions from the sperm tails, a particular subcategory of vesicles could not be identified as more likely to fuse/bud from here. Our finding is also unexpected as Arienti and colleagues (49) showed that most prostasome fusion with spermatozoa occurs within 10 minutes of mixing the two components. We have processed and analysed no sample that was less than 60 minutes old before freezing. These two comparisons indicate that fusion might appear differently in complete ejaculate as compared to isolated vesicles added to washed spermatozoa.
In conclusion, we have here revealed that the human ejaculate carries a vastly diverse extracellular milieu of EVs and membrane compartments, some of which have never been described before. Future research will show if there is further EV diversity between individuals. Our study also unveils a need to complement research on isolated EVs with research on EVs without prior isolation to truly understand their role in human health and organismal biology, as a whole.
